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(57) ABSTRACT 

An ultra?ltration device has a ported reservoir body, and a 
?lter membrane sealed to the body along a closed contour 
surrounding the port(s) to provide a large area ?ltered 
out?ow path. A frusto-conical end provides hydrostatic 
deadstopping with little or no wicking, greatly enhancing 
recovery time and ef?ciency. Methods of using the device 
rapidly isolate a predetermined amount of a desired retentate 
in the distal portion of the tube, and are also useful for 
quantitative transfer of smaller molecules and for multi-step 
processing of sample arrays Linear array strips of such 
chambers may be formed by bonding together mating halves 
with ?lter areas over the chamber ports. The vessel may 
include a rib to guide and orient ?lter during assembly, 
and/or a ledge or recess to engage and align the ?lter, 
assuring that the ?lter is precisely positioned and does not 
wander during manufacture and bonding. The vessels have 
a high ?lter area to volume ratio, maintain open ?lter 
surfaces and high rates of ?ltration throughout the spin, and 
are fully compatible with robotic loading, multistage opera 
tion and in situ multiwell plate ?ltrate and/or retentate assay 
or transfer. Attachment of the ?lter may be effected by heat 
welding. Preferably the vessel and ?lter are positioned 
between a press member and a heat sink and a superheated 
tool contacts the press member to selectively deliver a 
de?ned bolus of heat to the weld areas. 

12 Claims, 13 Drawing Sheets 



U.S. Patent Mar. 19, 2002 Sheet 1 0f 13 US 6,357,601 B1 



U.S. Patent Mar. 19, 2002 Sheet 2 0f 13 US 6,357,601 B1 

J30 

FIG.4 



U.S. Patent Mar. 19, 2002 Sheet 3 0f 13 US 6,357,601 B1 

V36 



U.S. Patent Mar. 19, 2002 Sheet 4 0f 13 US 6,357,601 B1 

__ ----—- ---“““ >FIG. 

FIG. [03* 



U.S. Patent Mar. 19, 2002 Sheet 5 0f 13 US 6,357,601 B1 

IG. 10C % 

FIG. 10D< 



U.S. Patent Mar. 19, 2002 Sheet 6 6f 13 US 6,357,601 B1 

>FIG.1IA 

I 

' ' _____ >__________‘ - 

Z i’ 7 

FIG. 11B< 



U.S. Patent Mar. 19, 2002 Sheet 7 0f 13 US 6,357,601 B1 



U.S. Patent Mar. 19, 2002 Sheet 8 0f 13 US 6,357,601 B1 

//////////////// /////////////// 

r130 



U.S. Patent Mar. 19, 2002 Sheet 9 0f 13 US 6,357,601 B1 

[4/ 

[34b 
I14 
I32 

/42 

Q 
ZN 

// 

FIG. 12C 

1340 

FIG. 12B 

\\\\\\\\\\\\\\\\\\\\\\\\\\.\\\\\\\\\\\\L\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 



U.S. Patent Mar. 19, 2002 Sheet 10 0f 13 US 6,357,601 B1 

._. P240 

252d 

M 2 

, I / f I / f / /////A/////// 

\ 
FIG. 13B 

2521?’ 

238 

/ 

FIG. 13A 



Mar. 19, 2002 Sheet 11 0f 13 US 6,357,601 B1 U.S. Patent 

K\\\\.\\\\\.\\\\\\.\\ . -, . .. K\\\\\\\\\\\\\\\\\\&.\ha.m.. 
FIG‘. 13D 

0 0 CH3 3 I. / 

a 4 m "w w a 

_ 

Jm\\\\\.\\.\\\.\\\.\\\\ .. ,M , -, ,H . \\\\\\\\\\\\\\\\ , 
Y 

/ Y f / / r / f / I / / V/ 

FIG‘. 13C 

250 ‘ 

28] -' 



U.S. Patent Mar. 19, 2002 Sheet 12 0f 13 US 6,357,601 B1 

//r///////Vj/ X9, 
///Ar/////4A/////4/ 

2/50 

//// / / / / / / / / / / / ////////////// 

\\\\ \\,\\\\ \ \\ 

/ 
///// 

i 
FIG. 13E 

FIG. 13F 



U.S. Patent Mar. 19, 2002 Sheet 13 0f 13 US 6,357,601 B1 

PIACE FILTER ON 
VESSEL WALL 

l 
POSITION BETWEEN 
T HIMBLE/HEATSINK ’ 

l 
COMPRESS/H EA T 

l 
WITHDRA W HEA TER 

SE T/C OOL 

FIG. 14 



US 6,357,601 B1 
1 

ULTRAFILTRATION DEVICE AND METHOD 
OF FORMING SAME 

REFERENCE TO RELATED APPLICATIONS 

This patent application is related to, and claims the bene?t 
of US. Provisional Patent Applications No. 60/111,068 ?led 
Dec. 4, 1998 and No. 60/116,890 ?led Jan. 22, 1999, each 
of Which is hereby incorporated by reference herein in its 
entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

Aportion of the present invention Was supported by NIH 
Grant #1 R43 RR12066-01. 

BACKGROUND OF THE INVENTION 

Various devices are knoWn for isolating a retentate con 
taining a high molecular Weight material, such as DNA or 
protein, through centrifugal ultra?ltration. The yields and 
amounts of retentate achieved using these techniques vary 
greatly due to the siZe, shape and position of ?lter 
membrane, the positions of outlets and/or the presence of 
ledges, corners or compartments in the devices. 

Often these devices have associated limitations or draW 
backs. For example, a device may be ineffective to prevent 
?ltration of retentate to near dryness, or may have a design 
that hinders access to, or prevents complete pipette recovery 
of, the retentate due to chamber geometry, surface tension 
spreading, or the like. Also, a device may attain only a loW 
yield or poor separation, or may require excessive centrifuge 
times. Additionally, a device may be poorly adapted for, or 
entirely incapable of, being prepared by or being used With 
robotic or other automated devices. Further, a technique or 
device may be uneconomic due, for example, to inef?cient 
utiliZation of ?lter membrane area, and/or to manufacturing 
cost, and/or to requiring a long centrifuge time. 

Therefore, a need exists for a centrifugal ultra?ltration 
device that can be dependably manufactured and used. 

There is also a need for a separation technique that is 
rapid, effective and amenable to automated implementation. 

There is also a need for improved processes for the 
manufacture or assembly of ?ltration or concentration ves 
sels. 

SUMMARY OF THE INVENTION 

One or more of the foregoing ends are achieved in 
accordance With the present invention by providing a sepa 
ration vessel having a conical region extending to a closed 
tip and a port in the Wall of the conical region covered by a 
?lter. The ?lter has a pore siZe and structure such that When 
centrifuged, ?uid material such as solvent and solutes With 
a molecular Weight beloW a threshold level passes through 
the ?lter and out the port. The conical region has a cone 
angle that causes retentate accumulating on the inner surface 
of the ?lter to slough doWn into the closed tip. 
Advantageously, the ?lter covers an area substantially larger 
than the port and is supported by the underlying Wall so that 
a large ?lter area is actively used, and also resists clogging, 
thus alloWing fast ?ltration. Moreover, the conical shape, 
Which may extend from a cylindrical proximal or upper 
body portion, subtends a large reservoir of material in the 
vessel While alloWing the receiving end to be siZed for 
retaining a relatively small or minor fraction, e.g., beloW tWo 
percent, or even beloW a tWentieth of one percent, of the 
total volume as retentate. Preferably, the ?lter is Welded or 
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2 
fastened around its edges to the Wall of the vessel by a 
process such as heat fusing or solvent Welding, and covers 
a region extending from above the port at least doWn to the 
port. The vessel may have an upper ?ange alloWing it to drop 
into a standard concentration tube so that the ?ltrate leaving 
the vessel is retained in the concentration tube and may itself 
be further processed, analyZed or transferred. In one 
embodiment, a de?ectable member or portion of the vessel 
body operates as a pressure vent betWeen the interior of the 
concentration tube and the interior of the separation vessel, 
alloWing the vessel to be centrifuged While tightly capped. 
This feature also adapts a vessel to be over?lled and safely 
processed in a common tilted rotor assembly Without spill 
age or bloWout, thereby increasing the achievable single 
batch concentration ratio. 

The separation vessel may be assembled by positioning a 
shaped ?lter sheet Within the cone area of the vessel using 
a tool having one or more heated areas shaped to de?ne 
bonding segments in peripheral regions of the ?lter at Which 
the ?lter is to be fused With the body of the vessel. 
Preferably, the ?lter sheet has a trapeZoidal shape Which 
curls, When inserted into the vessel, to entirely cover the 
interior surface of a truncated-cone region of the vessel Wall. 
The vessel may be formed With an alignment rib or other 
feature along its interior surface positioned to engage an 
edge of the ?lter sheet and thus to orient and align the sheet 
as it is curled against the curved inner Wall of the vessel 
during insertion. A ledge may further be provided to catch 
the curled, aligned ?lter in position When fully inserted. 
Bonding of the ?lter to the Wall is advantageously carried 
out by supporting the vessel in a heat sink While pressing a 
hot iron against the inner surface to fuse the ?lter backing 
membrane to the vessel Wall. 
The invention in another aspect provides a centrifugal 

concentrator having an alignment structure, such as a rib, 
Which extends in a plane through the concentrator tube axis 
and serves to align a Wedge-shaped membrane squarely 
along the axis during insertion of the membrane and assures 
that the ?lter edges are located aWay from ports of the vessel. 
The ?lter may extend substantially the full circumference, so 
that the Well-aligned edges abut and seal precisely When 
pressed in along the axial direction With a tack Welder, such 
as a conical tip and/or slotted insertion/heat sealing tool. The 
tool may also melt the vessel rib over the seated butt edges. 
Aseating ledge provided in the vessel Wall to engage the top 
edge of the ?lter further aids in orienting or positioning the 
truncated cone ?lter membrane, and stabiliZes ?lter position 
during handling or assembly. 

In yet another aspect the concentrator tube is con?gured 
to ?t into and be supported by a ?ltrate collection tube, and 
the concentrator tube has a top sealing surface With a 
de?ectable sealing lip that seals against the cap of the ?ltrate 
collection tube. The lip de?ects in response to outside 
pressure Within the capped collection tube, opening during 
centrifugation to alloW venting via a bypass channel so 
pressure may vent from the collection tube to the concen 
trator tube, Without leaking or bloWing aerosols out to the 
centrifuge drum. This alloWs the concentrator tube to be 
over?lled, i.e., to be loaded into a ?xed angle carrier at a 
higher ?ll level such that the ?uid contents Wet the cap, and 
yet to be processed Without spillover or leakage, thus 
increasing the attainable concentration ratio and enhancing 
the speed and yield of the concentration process. 
The invention also contemplates a separation vessel 

manufactured With a clamshell construction as part of a 
vessel array having the form of a strip or roW of tWo or more 
vessels. In accordance With this aspect of the invention, a 
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sheet of suitable polymer material is formed With a number 
n of identically-shaped troughs, each trough corresponding 
to one-half of the desired chamber shape, and including one 
or more ports formed in a conically sloping region thereof. 
Asheet of ?lter material is then placed over the multi-trough 
polymer sheet, and may optionally be pressed into the 
troughs and sealingly attached to cover the ports. Attach 
ment is done by advancing one or more tools, such as a press 
mold or a hot Wire die, Which advantageously may be 
advanced in a direction perpendicular to the plane of the 
sheet, avoiding shear movement at the surface of the ?lter. 
A second symmetrically shaped ?lter-bearing polymer sheet 
is then laid on top to complete each of the vessel chambers, 
and the tWo polymer sheets are bonded together, for eXample 
by heat fusion, solvent or ultrasonic Welding, or the like, to 
form a strip of n vessels. The geometry of the strip prefer 
ably conforms to the lattice spacing of a standard microtiter 
plate or multiWell receiving tray, e.g., forms a roW of n or m 
vessels spaced to ?t a standard n><m array or rack into Which 
the strip itself is to be loaded for centrifuging. The basic roW 
may also be manufactured to ?t a into a portion of a single 
roW or column of the matriX array, alloWing multiple dif 
ferent sets of vessel strips to be loaded in the same array, 
Which may, for eXample have dimensions kn><jm, Where k,j 
are integers. 

Advantageously, since each separation vessel or chamber 
of the assembled array is centered around the tip of the 
conical region, the retentate resides in a de?ned and regular 
lattice position, and is accessible by a direct and unob 
structed aXial motion, thus making the vessel array adapted 
to robotic processing, pipette transferor assay, or operations 
With mechaniZed handling equipment. 

The vessels of the present invention advantageously 
present a large surface area relative to the effective volume 
of the vessel, and operate at high rotational speeds While 
maintaining an open surface ?lter surface during operation. 
The ?lter is broadly supported against the adjacent vessel 
Wall, providing a large ?oW area via interstitial space for 
?ltrate passing out the ports, and free of internal structural 
encumbrances that might catch ?uid and diminish its ef? 
ciency. 
Assembly of the vessel and ?lter membrane is accom 

plished in a preferred aspect of the invention by insertion of 
a shaped heating tool to heat peripheral regions of the ?lter 
membrane as it lies positioned against the Wall of the vessel. 
The ?lter may be a regenerated cellulose material on a 
porous polyethylene backing, such that the tool may contact 
the cellulosic material Without sticking, and melt the back 
ing to the vessel Wall. The vessel and ?lter may be placed 
betWeen a heat sink, and a press plate, With the heated 
member contacting the press plate to transfer a de?ned 
dosage of thermal energy With controlled thermal charac 
teristics to the Weld areas. A superheated rod and thimble 
embodiment employs a tWo-step heater advance to preheat 
and then Weld the ?lter in place. The vessel or press plate 
may be provided With protrusions or partial ribs to auto 
matically center the heat transfer tooling in the vessel and 
assure complete Welding of the intended Weld lines in areas 
to seal the ?lter over the ports and prevent ballooning of its 
central region. 

BRIEF DESCRIPTION OF DRAWINGS 

These and other features of the invention Will be under 
stood from the discussion beloW and illustration of repre 
sentative embodiments in the draWings, Wherein: 

FIG. 1 shoWs a shaped sheet of ?lter membrane suitable 
for the vessel of the present invention; 
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4 
FIG. 2 shoWs an alternate shape for the ?lter membrane 

used in the invention; 
FIGS. 2A and 2B illustrate cutting patterns for obtaining 

the membranes of FIGS. 1 and 2 respectively from large 
continuous sheets; 

FIG. 3 illustrates a ?rst embodiment of a separation vessel 
in accordance With the invention; 

FIG. 4 illustrates assembly of a ?lter into the vessel of 
FIG. 3; 

FIG. 5 illustrates another step of assembly of the vessel of 
FIG. 3; 

FIG. 6 illustrates one embodiment of a heat Welding 
inserter tool for carrying out the step of FIG. 5; 

FIG. 7 illustrates a completed separation vessel having a 
square ?ange; 

FIG. 8 illustrates a strip or cartridge array of separation 
vessels in accordance With another embodiment; 

FIG. 9 illustrates another embodiment of a vessel of the 
invention Wherein a ?lter membrane eXtends distally of the 
outlet port; 

FIGS. 10A—10D illustrate steps of manufacturing and use 
of a strip array embodiment like that of FIG. 8; 

FIGS. 11A—11D illustrate another embodiment of a con 
centrator vessel and ?lter of the invention; 

FIGS. 12A—12C illustrate venting operation of the 
embodiment of FIGS. 11A—11D; 

FIGS. 13A—13F illustrate tools for another manufacturing 
method and its implementation; and 

FIG. 14 illustrates steps of the method. 

DETAILED DESCRIPTION 

In general, applicant’s invention contemplates a separa 
tion vessel forming a generally elongated or tubular chamber 
With a conical region in Which an ultra?ltration ?lter mem 
brane alloWs passage of solvent and loWer molecular Weight 
material to an eXit port While directing retained higher 
molecular Weight material to a retentate sump. The con 
struction offers a high ratio of ?lter area to reservoir volume, 
high ?ltrate throughput per unit time, and high ef?ciency of 
separation of the retained material. By locating the eXit port 
or ports near the apeX of a cone, the assembly may maintain 
a high ?ltration rate during all or a major portion of the 
centrifuging separation cycle, and yet isolate a retained 
faction comprising less than one or tWo percent of the initial 
?uid volume. The shape of each ?lter alloWs utiliZation of 
?lter membrane to be highly ef?cient, With tessellated pat 
terns cut from a large continuous sheet or roll so as to have 
minimal or no Wastage. Further, by mounting the ?lter to the 
surrounding Wall by perimeter Weld along line segments, 
seventy percent or more of the ?lter area may be actively 
used. This Will be appreciated from a brief consideration of 
illustrative embodiment and representative ?lter shapes 
applied to conical regions of a ported separation vessel. 

Referring to FIG. 1, an eXemplary ultra?ltration ?lter 
membrane 10 is shoWn. The ?lter membrane 10 is of a 
substantially Wedge-like shape, With a proximal end 12 and 
a distal end 14 and tWo sides 16, 18. The proXimal and distal 
ends 12, 14 are generally curved or arcuate, While the sides 
16, 18 are each substantially straight. The ?lter membrane 
10 has an active area 20 and an inactive area 22. The active 
area 20 of the ?lter membrane 10 corresponds to the portion 
of the ?lter membrane that, once the ?lter membrane is 
placed in a centrifuge tube and sealed, Will be capable of 
ultra?ltration. That is, the active area 20 is that area through 
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Which, When the ?lter membrane is positioned in a separa 
tion tube or vessel, the smaller ?uid components permeate as 
the ?lter membrane is centrifuged. The membrane utiliZa 
tion ef?ciency of a device design may be calculated by 
dividing its active area by its total active area, inactive area, 
and cutting Waste area. In the embodiment of FIG. 1, the 
membrane has an active area of approximately 1.0 cm2 and 
an inactive area of approximately 0.22 cm2, With no cutting 
Waste area. Thus, the manufacturing ef?ciency is approxi 
mately 0.82 or 82%. This level of ef?ciency for the Wedge 
like ?lter membrane is much higher than the utiliZation 
ef?ciencies of disk-shaped membrane designs currently used 
in the art. An alternate embodiment of the ?lter membrane 
10 of FIG. 1 is shoWn in FIG. 2. The ?lter membrane 10‘ 
depicted in FIG. 2 is also of a substantially Wedge like 
design, hoWever, the ?lter membrane of FIG. 2 has proximal 
and distal ends 12‘, 14‘ that are formed from tWo substan 
tially straight edges. The sides 16‘, 18‘ Which connect the 
ends 12‘, 14‘, hoWever, are generally identical to the sides 16, 
18 of the ?lter membrane of FIG. 1. The Wedge-like design 
of the ?lter membrane 10‘ of FIG. 2, and its substantially 
similar dimensions to the ?lter membrane of FIG. 1 are such 
that its utiliZation efficiency is also approximately 82%. 
As depicted in FIGS. 2A and 2B, the ?lter membranes of 

FIG. 1 or FIG. 2, respectively, may each be laid out like tiles 
along a strip, facing in alternating directions and be cut 
Without cutting Wastage from ?lter membrane strips Which 
have previously been slit by rolling dies to form the shapes 
outlined above. One of ordinary skill in the art Will appre 
ciate that the ?lter membrane shapes of FIG. 1 or FIG. 2 may 
be varied, and also that other ?lter membrane shapes may be 
used With the present invention, While still enjoying its 
attendant advantages. Generally, hoWever, the membrane 10 
or 10‘, regardless of its exact shape, should have a thickness 
and pore siZe such that it is able to retain globular solutes 
having a molecular Weight above a threshold, e.g., of at least 
about 10,000 Daltons. For DNA puri?cation or 
concentration, the membrane 10 or 10‘ preferably should 
have a pore structure rated to retain globular solutes at least 
above about 30,000 Daltons, to above about 150,000 Dal 
tons. 

Referring noW to FIG. 3, a reservoir body 30 or concen 
tration tube of the present invention in Which a ?lter mem 
brane 10 or 10‘ of FIG. 1 or 2 is placed. The reservoir body 
30 is generally a tube Which has a proximal portion 32 and 
a distal portion 34 and a longitudinal axis 36. The proximal 
portion 32 of the tube 30 is cylindrical, e.g., With a substan 
tially constant diameter, While the distal portion is substan 
tially conical and tapers to a closed tip 37. The distal portion 
34 of the tube 30 includes at least one port area 38. 
Preferably, the tube 30 includes tWo to four port areas 38. 
An exemplary tube 30 for use With the present invention 

resembles a conventional microcentrifuge tube made of 
polypropylene, Which holds about 0.6 milliliters of material 
and can, in turn, be accommodated in a larger microcentri 
fuge tube of betWeen about 1.5 and about 2.0 milliliters 
capacity. The tube 30 may be centrifuged at a Wide range of 
angles and forces. The tube is preferably formed to With 
stand up to 20,000 G of force. The tube may be used in a 45° 
?xed angle rotor, or may be placed in an aperture of a ?xture 
in a rotating platform device. The tube 30 may have a 
longitudinal length of betWeen about 1.0 and about 5.0 
centimeters, of Which all but about 0.5 centimeter lies above 
the port areas 38. 

The port areas 38, hoWever many are included, are 
generally identical in their contour and may be located at the 
same or at varying height along the longitudinal length of the 
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6 
tube 30 they affect. As described more fully beloW in 
connection With FIGS. 4 and 5, the ?lter membrane 10 
mounts in the tube 30 With a large area ?lter oriented so as 
to be both substantially aligned to the centrifugal force 
vector, and to cover the port areas 38. Although not herein 
illustrated, the present invention also contemplates the uti 
liZation of differently-shaped tubes including, but not lim 
ited to, substantially cylindrical tubes, or tubes Which are 
entirely conical, lacking any proximal portion 32, and Which 
have essentially the entire Wetted Wall area other than tip 37 
covered by a ?lter membrane. 
The distal portion 34 of the tube 30 includes a closed end 

retentate area 40 in Which desired retentate is isolated With 
high efficiency and may be retrieved Without ?ltering to 
dryness. As shoWn in FIG. 3, the retentate area is located 
partially or entirely distal to the port areas 38, depending 
upon the angle at Which the axis 36 is aligned to the 
centrifugal force vector. The retentate area 40 should be 
shaped and placed such that a predetermined amount of 
desired retentate Will remain, and may be removed as is 
generally knoWn in the art, such as by pipetting or through 
a robotic or otherWise automated device. For example, in a 
vessel of 0.6 mL capacity, the ports may be positioned at a 
height to de?ne a retentate volume 40 of tWo to tWenty 
microliters. 

Referring noW to FIG. 4, the ?lter membrane 10 of FIG. 
1 is shoWn during assembly being placed in the centrifuge 
tube 30 of FIG. 3. The edges of the ?lter membrane 10 are 
curled over so as to ?t Within the tube 30. Because of its 
Wedge-like design, the membrane is substantially self 
guiding. Speci?cally, once the narroW tip of the membrane 
10 is introduced into the tube, and as it is moved through the 
entry toWard the distal, conical portion 34 of the tube 30, the 
membrane Will curl over into a Well aligned frustoconical 
shell Which conforms to the shape of the distal, conical 
portion of the tube, such that its sides 16, 18 come together 
and its ends 12, 14 each form a complete circumferential 
edge. 
The membrane 10 may be introduced into, and moved 

distally throughout, the distal portion 34 of the tube With any 
suitable or appropriately shaped rod, mandrel, fork or the 
like. The membrane may be introduced into the distal 
portion 34 of the tube 30 With the same instrument that is to 
seal the ?lter membrane as discussed beloW. Although not 
speci?cally shoWn in FIG. 4, the membrane 10‘ of FIG. 2 
may be similarly introduced into, and moved distally 
throughout, the distal portion 34 of the tube 30. 
Once it has been moved distally into a predetermined 

location in the distal portion 34 of the tube 30, the membrane 
10, Which may optionally be securely maintained in position 
by applying a vacuum to the outer surface of tube 30 to draW 
it snugly against ports 38, (or by applying such a vacuum 
internally of the tip of an insertion mandrel), is then sealed 
to the tube around its circumference. As shoWn in FIG. 5, 
generally there are three bands of sealing of the membrane 
?lter: a proximal seal portion 50, a distal seal portion 52, and 
at least one vertical edge sealing portion 54. The ?lter 
membrane 10 may be sealed in a number of Ways, for 
example With adhesive or a heat melt polymer in or along the 
inactive area 22, or by heat fusing With the vessel body in 
that area. Regardless of the sealing technique, hoWever, the 
?lter membrane 10 should be sealed to the tube 30 around 
the inactive area 22 such that the ?lter membrane entirely 
covers the port area(s) 38, and alloWs material to exit the 
tube only through the ?lter and then through the port(s). 
Further, the extreme distal end of the ?lter membrane 10 
may extend to and be sealed immediately distal to the port 
area(s) 38, or it may extend further, into the retentate area 
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The ?lter membrane 10 may be sealed by a heat-Welding 
inserter tool 60 as shown in FIG. 6. As noted above, the 
inserter 60 preferably has an elongate handle 62 and a 
conical tip 64 shaped such that the inserter is capable of 
introducing the ?lter membrane 10 to the distal portion 34 of 
the tube 30 and pressing the ?lter membrane outWard against 
a Wall of the distal portion of the tube prior to sealing the 
?lter membrane thereat. Further, the inserter 60 should be 
shaped, and the ?lter membrane 10 should be made of a 
material, such that the ?lter membrane may be sealed by the 
inserter 60 Without cracking or scratching the membrane and 
Without sticking to the inserter. 

In an exemplary embodiment, the inserter 60 has a distal 
end 66 that has substantially the same shape or contour as 
the distal portion 34 of the tube 30. The distal end 66 of the 
inserter 60 also includes, at its surface, a plurality of heater 
Wires or ribbons 68 that also are energiZed by conductors 
contained Within the handle 62 of the inserter. These Wires 
or ribbons 68 may be Nichrome Wire or ribbons, or ceramic 
ribbon bands Which are electrically poWered to heat a 
de?ned region in order to effectuate a desired seal to the 
?lter membrane 10 in a short time, e.g., approximately tWo 
seconds. The surface of the inserter 60 may have features 
such as a waffle texture, or vacuum passages as Well as 

registration tabs for improved gripping and positioning of 
the ?lter membrane 10. Preferably the inserter has a plurality 
of vacuum passages at the tip, to Which vacuum is applied 
to pick up a pre-cut piece of ?lter membrane 10. The ?lter 
is then inserted to the vessel, and released from the inserter 
60 as vacuum is applied externally of the vessel ports to 
draW the ?lter securely into position against the vessel Wall, 
Where it is then Welded, as described above. One of ordinary 
skill in the art, hoWever, Will appreciate that heat may be 
provided to the inserter 60 using RF or other means, and that 
its gripping ability may be enhanced in other Ways. 

FIG. 7 shoWs a perspective vieW of a tube 30 With a sealed 
?lter membrane 10. The tube 30 is adapted for placement 
Within a Well of a multiWell tray for centrifuging. The 
proximal region 32 of the centrifuge tube 30 includes a 
?ange 70 Which may be any shape suitable to alloW the tube 
to be inserted into an individual Well or a multiple Well 
container for centrifuging. In the embodiment shoWn in FIG. 
7, the ?ange 70 is substantially square. 

The tube 30 of the present invention may be used in any 
conventional individual or multiple Well centrifuge, With 
such multiple Well centrifuges including, but not limited to, 
rotating platform devices. Aplurality of centrifuge tubes 30 
(one, tWo, or as many as needed) of the type shoWn in FIG. 
7 may be separately placed in a multiple Well carrier. This 
carrier may then optionally be placed above a receiver 
multiWell tray 85 (FIG. 10D) used to quantitatively collect 
?ltrate Which drips from the bottom point of tip 37 of each 
tube resting inside the mating receiver Well beloW it. More 
generally, the tubes 30 may be manufactured as strips or 
cartridges 80 of eight (see FIG. 8) or tWelve tubes, so each 
strip ?lls a roW or column of a conventional 96-well plate 
holder. One of ordinary skill in the art, hoWever, Will 
appreciate, that tubes 30 of the present invention may be 
used in any multiple Well centrifuge, regardless of the 
number of tubes or the matrix orientation of the multiple 
Wells. Furthermore, special adapter plates may be formed, 
for example, to place four or more such tubes 30 in a larger 
single Well so as to adapt the ?ltration cell to different 
existing vessels or centrifuges, or to accommodate a con 
venient batch siZe. 

Also Within the scope of the present invention is an array 
embodiment, Wherein a strip 80 containing a plurality of 
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8 
chambers is made by Welding or otherWise bonding a sheet 
or individual Wedges of membrane 10 to tWo molded halves 
along the axial plane 75 as shoWn in FIGS. 10A—10D, 
treating or cutting aWay excess membrane at “e” betWeen 
the tubes if needed to assure dependable joining or sealing, 
and then Welding together the halves to form an integral strip 
in Which each Well half has tWo vertical sealed edges at 54 
formed at or just next to the center plane. In this 
embodiment, the ?lter is substantially coextensive With the 
entire Wall of the vessel, so, as shoWn by the meniscus line 
76, essentially the entire chamber surface area participates in 
?ltration. 
The tube or tubes 30, 80 of the present invention are 

shaped so that their placement into an individual Well 
centrifuge, or into the strips or cartridges of a multiWell 
centrifuge, may be performed by a robotic or another 
automated device. Similarly, the unobstructed axial position 
of the retentate Well permits addition of sample material and 
removal of the retentate from the retentate area to be 
performed by a robotic or other automated device. 
Optionally, retentate may be analyZed directly in the reten 
tate area using multiWell ?uorimetry, spectrophotometry, or 
luminometry. Moreover, the present invention may be 
adapted to perform dia?ltration. 

In this regard, the con?guration of a ?lter membrane 
Which is sealed about its ends to a ported tube With a conical 
end advantageously places the desired retentate in a small, 
central, distal region, Which is both on-axis, and is displaced 
from the ?lter membrane. Thus, a pipette may accurately 
reach the retentate Without touching the ?lter membrane. 
The cone itself preferably has an apex angle of about 10° to 
about 35°, and most preferably of about 10° to about 20°, 
such that the surface of the ?lter membrane in this region lies 
at a steep angle of only about 5° to about 10° With respect 
to the centrifugal force vector. This promotes a continuous 
sloughing of the denser gel-like, higher molecular Weight 
retentate material that builds up on the ?lter surface, to 
ef?ciently channel that retentate centrifugally doWn to the 
apex. Furthermore, by minimiZing accumulation of polar 
iZed retained macrosolutes, a higher ?ux rate and minimal 
retention of smaller molecules is achieved throughout the 
centrifuging cycle. 

FIG. 9 illustrates an alternate embodiment 30‘ of the tube 
30 of FIG. 3, in Which a ?lter membrane 10‘ extends 
someWhat distally to the port area(s) 38. This advanta 
geously increases the area 20 of the portion of the ?lter 
membrane 10‘ Which remains active toWard the end of the 
centrifuging cycle When approaching the desired retentate 
volume. Further, this extension beyond the port produces 
hydrostatic deadstopping, Which, in turn, results in a faster 
approach to the desired volume, by a mechanism such as 
described more fully in Us. Pat. No. 4,632,761 of BoWers 
et al. Alternatively, the distal seal portion 52 may be situated 
essentially at the level of the sill of the distal-most port 38. 
In this case, deadstopping is provided solely by 
sequestering, i.e., by the isolation of the retentate in the 
small, cup-shaped apex of the tube 40. 
When the described embodiment is made With a 0.6 

milliliter microcentrifuge tube and is spun on a rotating 
platform device, the ?nal retentate volume is approximately 
0.006 milliliters. When spun in a ?xed angle 45° rotor, the 
retentate volume is about 0.002 milliliters. As can be seen 
from the approximate scale of FIG. 9, approximately 75 
percent of the 0.6 milliliter volume of the tube lies above the 
proximal seal portion 50 of the ?lter membrane 10‘, so that 
the 1.0 cm2 area of this design, Which is tWofold larger than 
prior art devices of this volume range, thus results in an 
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exceptionally high ratio of ?lter membrane active area to 
?uid volume throughout the course of volume reduction. 
This is expected to enhance the speed of protein ultra?ltra 
tion by a factor of at least tWo over that of knoWn devices. 
Further improvement in protein ?ltration rate, particularly at 
transmembrane pressures in excess of 150 psi Which are 
obtained When the device of FIG. 9 is centrifuged above 
12,000 rcf, Will result if the inner Wall of tube 30 in the 
region adjacent the active membrane area 20 is molded With 
a rough textured pattern Which provides microchannels for 
?ltrate to How laterally, along the interstitial space betWeen 
the membrane and the Wall, to the port or ports. The device 
shoWn in FIG. 10 advantageously has three times the ?lter 
area of the embodiment of FIG. 9 and a tWo-thirds greater 
sample volume capacity, thus further increasing both the 
throughput and the speed of DNA dia?ltration. Further, the 
cellulosic membrane covers all portions of the plastic cham 
ber Walls except the tip, effectively preventing adsorptive 
loss of DNA to the surface of the polymer vessel Wall. In 
addition, as described above in regard to FIG. 9, the ?lter 
may be positioned for hydrostatic deadstopping to more 
quickly reach an endpoint. With this enhanced cycle speed, 
it becomes ef?cient to reach a desired degree of purity, for 
example, to effectively remove PCR primers, by simply 
performing successive dia?ltration cycles. The device thus 
provides a neW and effective method for use in DNA 
ampli?cation to remove unused primers and harvest the PCR 
product after ampli?cation. 

In this regard, it has been reported (Amicon Publication 
304) that optimal retention of PCR DNA product larger than 
about 500 bp and clearance of smaller oligonucleotide 
primers using YM-100 regenerated cellulose membranes in 
the Centricon® 100 device requires ?ltration velocities of no 
more than one millimeter per minute. The present device of 
FIG. 9 has threefold greater active surface area than any 
currently available microcentrifuge device that employs the 
regenerated cellulosic membranes needed for high recovery 
of DNA, and thus may be expected to result in as much as 
a threefold reduction in the time required to dia?lter DNA at 
one millimeter per minute. 

In one preferred embodiment of the present invention, the 
?lter membrane 10 is formed of a tWo-layer ?lter medium 
including an inner regenerated cellulose ultra?lter cast on an 
outer porous ?lm of ultra-high molecular Weight 
microporous polyethylene (UHMWPE). One suitable mate 
rial is a material sold by Millipore as their PLCCC, PLGCD, 
PLCGC, PLCTK, or PLCHK ?lter sheet material Which is 
used in puri?cation systems and has been found to retain 
globular solutes having an average molecular Weight over 
5,000, 10,000, 30,000, 70,000 or 200,000 Daltons, respec 
tively. Another suitable material is a regenerated cellulose on 
Freudenberg or Tyvek backing, such as the material avail 
able from the Kalle company in Germany, or available from 
the Amicon Division of Millipore as their YM line of 
membranes. 

The regenerated cellulosic membrane does not melt, 
While the polyole?n backing material of the membrane has 
a higher than or similar melting point to conventional 
polypropylene microcentrifuge tubes, and compatibly self 
Welds thereto. This property permits simple and clean device 
fabrication With a heated conical inserter 60 as described 
above. Advantageously, after heat-Welding the ?lter mem 
brane 10 against the tapered conical vessel Wall surface, the 
tapered inserter 60 itself, When WithdraWn, pulls aWay from, 
rather than along, the non-adherent, inner (e.g., cellulose) 
surface of the ?lter membrane. Thus, axially press-Welding 
the membrane With a heated tool in this fashion produces no 
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10 
surface abrasion, and the delicate ?lter membrane skin 
surface is not damaged. That is, the geometry of contacting 
along a conical surface results in the tool retracting along a 
surface release direction, avoiding shear or tearing of the 
delicate ?lter material. Prototype testing of this technique 
shoWed remarkably high ?lter integrity, demonstrating 
manufacturing feasibility. 
The advantageous ?lter rate and ef?ciency properties 

noted above are also achieved With the ?lter membrane 10 
also positioned in or extending to the cylindrical portion of 
the separation tube 30. In such a case, the conical tip 37 of 
the tube 30 may be made shorter, While the cone angle may 
be larger, or the tube may otherWise be con?gured to hold 
the desired volume of retentate. In each case, the ?lter 
membrane extends over and is supported by the peripheral 
Wall of the vessel. This construction using a ?lter over the 
perimeter Wall may also be applied to cylindrical centrifuge 
tubes or to purely conical tubes as mentioned above. In each 
case, a relatively large ?lter is primarily supported by solid 
Wall, providing a high ratio of active ?lter area to reservoir 
volume, While small ports provide escape for the ?ltrate. 

In providing a concentration vessel Wherein the ?lter is 
coextensive With a region of the peripheral Wall and the 
retentate is captured in a conical tip, applicant’s vessel may 
be seen to both increase the available area and openness of 
the ?lter While alloWing effective recovery of extremely 
small volumes With high ef?ciency. The ratio of sample 
volume to retentate volume may be controlled by the relative 
height of the permeate ports and the provision of increased 
sample volume in the proximal cylindrical portion of the 
reservoir. Furthermore, selection of the effective membrane 
pore siZe alloWs a high degree of control over the ultimate 
percentage recovery and required spin doWn time. 

The vessel of FIG. 9 may be implemented in standard 
siZes identical to those of existing concentration or sedi 
mentation tubes. For example, that device can be con?gured 
using a commercial 0.6 mL microcentrifuge tube to form the 
retentate reservoir. This siZe tube can be accommodated in 
a one-and-a-half to tWo ML ?ltrate tube for use With small 
numbers of samples in a conventional 45° ?xed-angle 
microcentrifuge. Alternatively, the same basic device may 
be arrayed in 8x12 racks above a 96 Well microtiter tray used 
With a sWinging platform rotor. As noted above, the open 
conical retentate Well is suited to robotic sample addition 
and retentate harvesting using conventional laboratory 
robotic equipment. Furthermore, With a 0.6 mL sample 
volume and a ?ve microliter retentate sump, the concentra 
tor achieves concentration by a factor of over one hundred. 

HoWever, scaling up the vessel siZe encounters several 
signi?cant limitations if the larger vessels are to be com 
patible With existing centrifuge equipment. Thus, for 
example, if a similar tube is to be used With a standard 15 
mL sample or sedimentation tube, the reception of ?ltrate 
beloW the retentate sump imposes limits on the siZe of the 
microcentrifuge vessel and its contents, Whereas if one Were 
to use a 50 mL tube, the loWer rotational speeds of the 
required large capacity centrifuge Would signi?cantly limit 
separation speed of devices using smaller pore siZe ?lter 
membrane to retain molecules in the range of 5,000 to 
20,000 Daltons. 

Applicant addresses these limitations in a further embodi 
ment of the invention illustrated in FIGS. 12A—12C, to 
provide a larger effective batch siZe While achieving a an 
even higher concentration ratio, over 200011, that is suitable 
for concentrating extremely dilute samples or for improved 
dia?ltration. 
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FIGS. 12A and 12B illustrate a 7 mL centrifuge tube 130, 
constructed in accordance With this embodiment of the 
invention, and positioned Within a 15 mL sample tube 140 
of conventional type and having a closure cap or lid 141. As 
shoWn, When the assembled pair of vessels reside in a 28° 
rotor, 6.06 ml. is the maximal volume of ?ltrate that may 
pass into the receiver vessel 140 before reaching the same 
height as that of the hydrostatic dead stop in the retentate 
area beloW the port of vessel 130, When that port is posi 
tioned to de?ne a three microliter retentate sump. 
Furthermore, as shoWn in FIG. 12A at the same angle, When 
the microcentrifuge vessel of seven milliliters total capacity 
is ?lled to 5.2 mL or more, the meniscus in an angled rotor 
Will be at or above the top of the inner vessel 130 (the 
right-hand side as shoWn). Thus, the volume of sample 
accommodated in the microcentrifuge tube as Well as the 
volume of ?ltrate Which must be accommodated in the 
receiving vessel beloW the tube both clearly impose limits 
on the amount of material Which may be processed in the 
vessel Without spillage of sample or decanting of ?ltrate, and 
these limits are decreased When using a ?xed angle rotor. For 
the illustrated three microliter retentate volume, the concen 
tration range achieved by the vessel is 666:1 from a 2 mL 
sample, and rises to 233311 from a 7 mL sample. Thus, the 
limitation of 5.2 mL imposed by the spill line (FIG. 12A) of 
the centrifuge tube limits the achievable concentration to an 
intermediate value of about 173311. 

Applicant addresses this limitation in the further embodi 
ment of the invention by providing a separation vessel for 
?tting Within a larger receiving tube having a cap, and 
Wherein the separation vessel is con?gured With a check seal 
operating as an internal relief vent to both retain over?lled 
sample under resting oblique orientation and the high pres 
sure conditions during initial centrifuge operation, and to 
cycle air pressure from the ?ltrate chamber to the retentate 
chamber under the negative pressure conditions that arise as 
the sample level subsides in the separation vessel and 
pressure rises in the receiving tube during centrifuging. 

FIG. 12C shoWs an enlarged sectional vieW of a preferred 
implementation of this releasing seal construction in the 
separation vessel 130 of FIG. 12B. As shoWn, the outer Wall 
131 of vessel 130 extends upWard to a ?ange 132 that rests 
upon the body of the receiving vessel 140. The receiving 
vessel 140 is closed by a cap 141 having a seal gasket 142, 
and the ?ange 132 of the separation vessel 130 extends to a 
top surface 134 Which bears against the gasket material 142. 
This may be a compressible urethane foam gasket material 
in the cap 141. As shoWn in the detailed enlarged vieW of 
FIG. 12C, the upper surface 134 of the separation tube 
comprises a check seal lip 134a extending upWardly at an 
inWardly-directed angle against the gasket to form a ?uid 
tight band closing the top of the separation tube 130 against 
the gasket. The lip 134a is suf?ciently thin and is disposed 
at an angle so that, as pressuriZed air is forced up betWeen 
the outer Wall 131 of the separation vessel and the inner Wall 
of the surrounding receiving tube 140, the increasing pres 
sure de?ects the lip 134a doWnWardly, thus alloWing air 
pressure to pass from the vessel 140 into the separation tube 
130. For this operation, a molded bypass passage, best seen 
as passage 212 in FIGS. 11B and 11C communicates 
betWeen the surrounding vessel and the space surrounding 
the lip 134a. As shoWn in FIG. 12A, this seal arrangement 
alloWs the separation tube 130 to be over?lled, that is, to be 
?lled to such a high level that When the tube 130 is placed 
in a tilted rotor it Wets a substantial portion of the gasket 142 
lying above it, and the lip seals against the relatively high 
outWardly-directed pressure that initially develops in that 
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area during rotation at high speed before the ?uid level 
drops, Without leaking out of the vessel 130 into the receiv 
ing tube 140, or leaking outside the cap into the centrifuge 
drum. The separation tube may therefore be loaded to a 7 mL 
capacity rather than the loWer, angled over?oW level of 5 .2 
mL, thereby achieving 34% greater effective reservoir 
capacity and a correspondingly increased concentration ratio 
of 2333:1. For this purpose, tube 130 is used in cylindrical 
receiving tube of larger capacity than the existing commer 
cial 15 mL tube of FIGS. 12A, B. For example, a receiving 
tube such as tube 240 modi?ed as illustrated in phantom in 
FIG. 11C having a geometry effective to hold 7 mL of ?ltrate 
beloW the port of the vessel 130 at the rotor tilt angle alloWs 
the enhanced capacity of the vented ?lter vessel 130 to be 
fully exploited in a ?xed angle rotor. Such a receiving vessel 
may be accommodated With simple modi?cations to existing 
rotors or ?xtures. The cap gasket may be formed of a higher 
modulus material than the polymer conventionally used in 
centrifuge tube cap gaskets to achieve, in conjunction With 
the de?ectable lip, a suitable positive pressure sealing and 
negative pressure release characteristic. 
As further seen in FIG. 12C, the outer portion 134b of the 

rim of vessel 130 seats ?rmly against the cap gasket 142, 
While the bottom circumferential edge 134c of the ?ange 
132 seals against the top of the collection tube 140, thus 
providing a double seal to prevent leakage out of the 
collection tube 140. The illustrated seven milliliter vessel 
may have a ?lter With an area of 5.5 cm2, alloWing fast 
spin-doWn times to be achieved With the enhanced batch 
siZe. 

It bears emphasis that the separation vessels and methods 
of the present invention involve operation at very high 
rotational speeds, and it is therefore necessary that the ?lter 
be Well attached to the underlying vessel Wall so as to avoid 
any potential leakage paths, and also be Well supported by 
the Wall to prevent sagging and membrane rupture. 
Preferably, the inner Wall of the separation vessel is formed 
With a rough surface, so that While it supports the ?lter over 
its full area, it also permits ?ltrate to How or percolate 
betWeen the outside of the ?lter and the inside Wall of the 
vessel. Effectively, retentate sloughs off the inner Wall of the 
?lter to the sump, and ?ltrate seeps along the outer Wall to 
the ports, thus keeping both the ?lter and the ?ltrate ?oW 
paths open. 

For installation of the ?lter membrane against a conical 
surface of the vessel, applicant further contemplates that 
inner surface of the separation vessel be provided With one 
or more alignment structures, as illustrated in FIGS. 
11A—11C. These ?gures illustrate the bare vessel (FIG. 
11A), its assembly With a ?lter membrane (FIG. 11B) and 
the completed separation vessel mounted in a receiving tube 
(FIG. 11C). Each ?gure includes a doWnWard facing top 
plan vieW, illustrating orientation or relative position of the 
components of the vessel such as ribs, port and sealing lip, 
and also includes a vertical section along the plane identi?ed 
in the corresponding top vieW. 

FIG. 11A illustrates a top vieW (upper panel) and vertical 
section side vieW of a separation vessel 230 such as the 
vessel of FIG. 12 illustratively having a seven milliliter 
capacity. As best seen in the top vieWs, the vessel has four 
ports 238 equispaced about its circumference, and further 
includes an alignment guide having the form of a rib or blade 
231 that projects radially inWard from the vessel Wall along 
a diametral plane. Rib 231 is shoWn extending from near the 
mouth (top) of the vessel 230 to a position slightly above the 
bottom of the ports 238. Further the rib 231, Which may, for 
example, be approximately one-half to tWo millimeters 








